Abstract. Water status plays an important role for fruit quality and quantity in tomato (Solanum lycopersicum L.). However, determination of the plant water status via measurements of sap flow (F H2O ) or stem diameter (D) cannot be done unambiguously since these variables are influenced by other effectors than the water status. We performed a semi-seasonal and a diurnal analysis of the simultaneous response of F H2O and D to environmental conditions, which allowed us to distinguish different influences on DD such as plant age, fruit load and water status and to reveal close diurnal relationships between F H2O and DD. In addition, an analysis of the diurnal mechanistic link between both variables was done by applying a slightly modified version of a water flow and storage model for trees. Tomato stems, in contrast with trees, seemed to maintain growth while transpiring because a large difference between turgor pressure (Y p ) and the yield threshold (G) was maintained. Finally, the simultaneous response of D and F H2O on irrigation events showed a possibility to detect water shortages.
Introduction
Because of its economic importance, tomato (Solanum lycopersicum L.) is widely studied, in particular, its traits for improving fruit organoleptic and nutritional quality (Dorais et al. 2001) . Many reports (Mitchell et al. 1991; Cuartero and Fernandez-Munoz 1999; Veit-Köhler et al. 1999; Plaut et al. 2004) show that salinity and water deficit influence the tomato fruit soluble solids content and thus quality. Therefore, plant water status appears to influence fruit quality to a large extent. However, because previous research has reported an inverse relationship between fruit soluble solids content and fresh yield, a compromise must be found between reduced fruit production and enhanced fruit quality. This balance is as difficult to achieve as it is to maintain because the growth and the development of a fruit is part of the integrated processes in the whole plant in which water economy and intra-plant competition mechanisms play a substantial role. Therefore, an understanding of the plant's water status and the mechanisms between water status and growth is a topic of great interest.
Currently, several methods are available for automated monitoring of plant water status. First, measurements of stem sap flow (F H2O ) can give information on the plant's water status since high transpiration rates (and thus high F H2O ) lead to more negative tensions inside the stem xylem. Vermeulen et al. (2007) described the possibility of using stem sap flow measurements as an indicator of water deficit. Since F H2O is a direct response of the plant to the environmental conditions such as the atmospheric water demand and the substrate water supply, its measurement has potential in the perspective of estimating plant water status (Jones 2004) . However, data on F H2O cannot be unequivocally interpreted because F H2O results from both atmospheric conditions and substrate water availability. As such, low midday sap flow rates might result from low water availability (drought stress) as well as from low water demand by the atmosphere (low vapour pressure deficit, VPD) (De Swaef et al. 2009) .
A second automated method consists of measuring the stem diameter variations (DD). These variations result from the radial water transport between xylem and the surrounding storage tissues. In trees, the interaction mechanism between DD and water status has been studied extensively (e.g. Zweifel et al. 1999; Génard et al. 2001; Steppe et al. 2006) , while the application in tomato is rather limited (Gallardo et al. 2006; Vermeulen et al. 2008) . In trees, DD does not provide unambiguous information about plant water status since other factors such as plant age and fruit load affect DD (Intrigliolo and Castel 2006; Intrigliolo and Castel 2007) . The underlying mechanisms of these influences are probably similar for herbaceous vascular plants such as tomato. However, the anatomical and dimensional differences between trees and herbaceous plants may lead to a different response of DD in tomato compared with trees. In addition, tomato plants have a rather constant fruit load throughout a large part of the growing season because fruits are set and picked continuously. In contrast, tree fruits generally set, grow and ripen simultaneously.
Both F H2O and DD measurements have important information with respect to plant water status. However, an unambiguous determination and interpretation of the plant water status could only be achieved by simultaneously considering both variables and mechanistic modelling. Based on measurements of F H2O and DD, the mathematical flow and storage model of Steppe et al. (2006) enabled simulation of physiological variables in young trees which are not easy to measure such as stem water potential (Y) and stem turgor pressure (Y p ). Furthermore, simulation of Y p revealed the relationship between F H2O and DD since it was a main driving variable for irreversible cell (and tissue) expansion. The equation of irreversible relative cell expansion by Lockhart (1965) could be applied on tissue, and as such, directly links stem water status and content to radial stem growth:
where f is cell wall extensibility (MPa -1 h -1 ) and G is the threshold pressure at which wall yielding occurs (MPa). Ortega (1985) complemented this model of irreversible (i.e. plastic) cell expansion with a term for reversible (i.e. elastic) cell dimensional changes. Steppe et al. (2006) implemented these principles in a model for young trees to directly link F H2O and DD via the simulation of Y p . This approach allows making a distinction between reversible and irreversible cell expansion.
This study focuses on the discrimination of three different effectors (plant age, fruit load and plant water status) on DD in tomato by considering the simultaneous response of F H2O and D to environmental conditions on a semi-seasonal and a diurnal scale. It also reports on the analysis of the diurnal mechanistic link between both variables and the distinction between irreversible growth and reversible DD by applying the slightly modified model of Steppe et al. (2006) .
Materials and methods

Plant material and experimental setup
The experiment consisted of two parts: a spring experiment and an autumn experiment, in each of which 12 truss tomato plants (Solanum lycopersicum L. cv. Dirk) were cultivated at a plant density of 2.4 plants m -2 inside a small greenhouse compartment (2 Â 2.5 Â 4 m) at the faculty of Bioscience Engineering, Ghent University, Belgium. For the spring experiment, plants were sown on 10 January 2008 and transplanted into 15-L rockwool slabs (Expert; Grodan, Hedehusene, Denmark) with three plants per slab on 5 March 2008. For the autumn experiment, seeds were sown on 1 July 2008 and transplanted into rockwool slabs on 21 August 2008. Trusses were pruned to five fruits per truss as soon as the sixth fruit was set. Plants were topped just below the fourth truss on 30 March and 22 September in the spring and autumn experiments, respectively. A trickle irrigation system provided a nutrient solution with an EC of~3 mS cm -1 at fixed times. In each experiment, four central plants were monitored continuously to eliminate possible border effects. For the spring experiment, continuous measurements were restricted to 28 days, while the autumn experiment covered 50 days. In the autumn experiment, additional lighting was supplied to extend the photoperiod to 16 h from 10 October until the end of the experiment.
Microclimatic measurements
Photosynthetically active radiation (PAR) was measured with a quantum sensor Lincoln, NE, USA) in the greenhouse above the plant tops. Relative humidity (RH) and air temperature (T a ) were measured using an integrated relative humidity sensor (Type HIH-3605-A, Honeywell, Morristown, NJ, USA), inserted in a radiation shield at~1.5 m above the ground. Vapour pressure deficit (VPD) of the air was calculated based on measurements of T a and RH, as the difference between the air's potential saturated vapour pressure value (e 0 ) and actual value (e) (Jones 1992) .
Plant physiological measurements
Sap flow rates (F H2O ) were measured continuously at the base of the stem (~30 cm above the substrate) of four different plants with heat balance sap flow sensors (Model SGA10-WS, Dynamax Inc., Houston, TX, USA), and were installed according to the operation manual (van Bavel and van Bavel 1990) . Stem diameter variations (DD) were measured on the same plants using a linear variable displacement transducer (LVDT) (model 2.5 DF, Solartron Metrology, Bognor Regis, UK) installed just below the sap flow sensors. The LVDT was attached to the stem by a custom-made stainless steel holder. All sensor signals were logged (CR1000, Campbell Scientific Inc., Logan, Utah, USA) at 30-s intervals and averaged every 5 min.
Fruit diameter dynamics were measured continuously using dendrometers (Model DEX100, Dynamax Inc.) on two fruits. Daily measurements of fruit diameter were conducted on the third fruit of three trusses per plant using an electronic calliper. These diameter measurements were then used to calculate the total plant fruit load based on a predetermined allometric relationship between individual fruit fresh mass (M f in g) and fruit diameter (D f in mm):
Finally, stem water potential (Y) measurements were done on leaflets, which were located closest to the stem. These selected leaves were enclosed, while still attached to the plant, in plastic bags covered with aluminium foil for~2 h before measurement (Begg and Turner 1970) . Leaves were detached just before the measurement and their water potential was determined with a pressure chamber (PMS Instrument Co., Corvallis, OR, USA).
Simulation of stem water potential and turgor pressure
Measurements of Y and turgor pressure (Y p ) are often destructive, cumbersome and discontinuous. Therefore, the mechanistic flow and storage model developed by Steppe et al. (2006) was modified for tomato and applied to simulate the time evolution of Y and Y p on four consecutive days. The model uses F H2O as an input variable, which is directly linked to reversible DD by the radial water transport and to irreversible D growth via Y p simulation. Transport in and out of the surrounding tissues of the stem induces changes in Y p . If Y p is smaller than the threshold pressure at which wall yielding occurs (G), then variations of stem diameter only reflect reversible swelling/ shrinking. If Y p is larger than G, then irreversible radial growth occurs in addition to shrinkage/swelling. These above-mentioned basic principles originated from the tree model (Steppe et al. 2006 ) and were conserved. However some structural differences between woody species and tomatoes could not be neglected: in tomato stems, pith parenchyma is surrounded by bicollateral conducting tissue (amphiphloic stele) while in the initial tree model of Steppe et al. (2006) , the storage tissue was limited to the outer layer around the central xylem. The volume of the tomato stem storage tissue was therefore calculated based on previous measurements (data not shown), linking the storage volume to the outer stem diameter via an allometric relationship (Fig. 1) . The model, summarised in Fig. 1 , was solved numerically using the home-made modelling and simulation software package STACI (Steppe et al. 2008a) . Table 1 shows the values of parameters and initial conditions which were measured or taken from literature results. Destructively sampled Y and automated-recorded DD were selected as suitable variables for model calibration using the simplex algorithm (Nelder and Mead 1965) available in STACI. By minimising the sum of squared errors (SSE) between the simulated values and the measured data of Y and DD with this algorithm (Steppe et al. 2006 ), the remaining model parameters were given a unique value (Table 2) .
Results
Figure 2a
, b present daily sums of PAR and daily means of VPD. In general, mean VPD was significantly (P = 0) higher in spring (2.50 kPa) compared with autumn (0.99 kPa), while the difference in overall PAR was not significant (P = 0.28) with a mean of 5.48 mol m -2 day -1 for spring and 5.08 mol m -2 day -1 for autumn. The mean photoperiod length was 15.88 h for spring and 14.17 h for autumn. Mean F H2O was significantly higher (P < 0.01) for the spring measurements (1108 g day ). Figure 2e , f show D and total fruit load. The near-linear increase in fruit load (ceased around day after anthesis (DAA) 35) is only shown for the autumn experiment, while the saturating part of the growth curve is available for both experiments. These data distinguished three main influences on DD. Due to the relatively small variations in fruit sink strength in Fig. 2e , DD were largely caused by changes in F H2O . In Fig. 2f , a longer period was studied in which stem age and differences in fruit sink strength were as important as F H2O . Four phases of different daily stem growth rate (SGR, calculated as the difference between the maximum stem diameter of two consecutive days) were visually detectable. Until DAA 22, stem sink strength was considered to be large compared with fruit sink strength (phase 1). In the second phase (DAA 23-40), fruit sink strength dominated the direction of water transport towards the fruits, while from DAA 40 onwards (phase 3), fruit sink strength decreased. In the final phase (DAA 50-65), stem growth slowed down as it reached its maximum dimensions. Figure 3 shows the simultaneous diurnal response of F H2O and DD to the environmental conditions for day of year (DOY) 123, which was a cloudy day with some bright spells. Alternation between sunny and cloudy periods that day resulted in the instant and striking inverse relationship between F H2O and DD. The third F H2O peak was the largest, mainly driven by VPD inside the greenhouse which lagged behind PAR and was caused by an increase in the air temperature (T a ).
In Fig. 4 , F H2O and DD are shown for three consecutive days with different F H2O patterns in each experiment. Relating  Fig. 4a, c and Fig. 4b, d with each other revealed that high F H2O rates resulted in large maximum daily stem shrinkage (MDS) values, while plants with low F H2O barely showed any shrinkage. In addition to MDS, SGR was influenced by F H2O , by which an increased F H2O yielded lower SGR. Figure 5a shows F H2O , which is the input variable of the model (Fig. 1) , for four consecutive days in spring (17-20 May) with increasing evaporative demand. Parameters and initial conditions which were measured or adopted from literature are in Table 1 . The remaining parameters were estimated via model calibration (Table 2) , using the actual measurements of D and Y as calibration variables. The strong correlation (R 2 = 0.99) between measured and simulated D (Fig. 5b) and the realistic simulation of Y in the xylem (Fig. 5c) proved that model calibration was successful. The calibrated model further enabled simulation of the osmotic potential (Y p ) in the storage tissue (Fig. 5c) Steppe et al. 2008b ). In Fig. 5d , simulated Y p in the storage tissue shows a decrease in proportion to F H2O but never dropped below the yield threshold (G), by which, according to Eqn 1, irreversible growth never ceased.
The irrigation events, indicated by vertical lines in Fig. 6 , corresponded with small peaks in F H2O data and simultaneously, with increases in D of over 20 mm within 30 min. At both selected days, main peak in F H2O after the last irrigation event resulted in a previously mentioned inverse response of D. Daily growth was low on both days due to the relatively high daily sap flow through the plant (1357 g for DOY 132 and 1284 g for DOY 133).
Discussion
Environmental conditions and general plant behaviour
Along with the water availability in the substrate, PAR and VPD are the main determinants of plant transpiration rates, and as such F H2O . The difference in overall F H2O in both experiments reported was mainly caused by the difference in VPD (Fig. 2a, b) , which is in accordance to Li et al. (2004) who used misting (i.e. decreasing VPD) to lower the potential transpiration rate. For the spring experiment, daily PAR and VPD were closely linked to each other and followed a similar pattern, causing F H2O variations to be determined by both these environmental variables (Fig. 2a, c) . The autumn measurements, however, showed some variations in PAR, while VPD remained rather constant, causing PAR to be the predominant source of F H2O variations (Fig. 2b, d ).
Semi-season scale relations between F H2O and DD
In trees, the interaction mechanism between DD and water status has been studied extensively (e.g. Génard et al. 2001; Steppe et al. 2006) . However, other factors such as plant age and fruit load affected DD (Intrigliolo and Castel 2007) . These The three major influences on DD (i.e. plant water status, plant age and fruit load) could be distinguished using a combination of the data from the spring and the autumn experiment (Fig. 2) . During the first phase (Fig. 2f) , the young stem had a high tissue extensibility (f) which meant that turgor pressure induced relatively large amounts of tissue growth. While f was originally defined as the cell wall extensibility in Lockhart's equation (Lockhart 1965; Cosgrove 1985) , in the model of Steppe et al. (2006) , it was used as tissue extensibility since the storage tissue was simplified to one single compartment. As cells mature, f decreased (Proseus et al. 1999; Léchaudel et al. 2007; Steppe et al. 2008a Steppe et al. , 2008b , which in turn is related to cessation of cell growth (Büntemeyer et al. 1998) . Therefore, a reduction in radial growth of the ageing storage tissue of the tomato stem (saturated phase, phase 4; Fig. 2f ) might be attributed to a decrease in f.
In the second phase (Fig. 2f ) radial stem growth slowed down due to the competition for assimilates with fruits. Because the import of assimilates into the fruit in that phase was high, a relatively smaller amount of sugar could accumulate in the stem tissue, by which its osmotic water potential increased. Since cell osmotic pressure determined the maximum turgor pressure a cell can generate (Cosgrove 1986) , stem growth was restricted during the phase of rapid growth of fruit mass (phase 2). The import of assimilates into the fruit gradually decreased during phase 3 as a result of restricted active sugar transport and passive phloem mass flow as the fruit aged (Liu et al. 2007 ). Consequently, a relatively higher concentration of assimilates could accumulate in the stem tissue and caused as such a decrease in the osmotic water potential. However, as the plants used in this experiment were topped below the fourth truss, new fruits were not allowed to develop. In commercial tomato production, formation of new fruits and picking of ripe fruits results in a continuous presence Tomato stem diameter and water relations Functional Plant Biologytoo fast, it might be possible to allow an extra fruit per truss to develop. However, the effect of fruit load on D and the interpretation of the reproductive state of the plant out of D should be further examined in a long-term experiment. Throughout each phase of the autumn experiment, F H2O showed little variation, by which its effect on D could not easily be distinguished. In spring, however, in which the data roughly corresponded with the third and fourth phase of the autumn experiment, the interaction between F H2O and DD was noticeable, as periods with higher SGR (Fig. 2a, c, e) corresponded with periods of lowered F H2O , while periods with lower SGR corresponded with higher F H2O (Fig. 2b, d, e) .
Diurnal relations between F H2O and DD
The above-mentioned semi-seasonal relationship between F H2O and DD could be masked by stem age effects and competition between stem and fruits. However, the diurnal relationship between both variables was much closer because the influence of fruit sink strength and plant age could be considered unchanged during one day. The typical inverse pattern between F H2O and DD (Fig. 3) showed a decrease in D whenever F H2O increased and vice versa. Rather steep increases in atmospheric water demand and thus F H2O were accompanied by decreases in D since water was sucked out of internal water reserves in order to cope with the transpirational heat loss, which is a well known mechanism in trees (Jones 1992) . However, the results for tomato differed from trees since the typical daily shrinkage, generally observed in trees, is not always noticeable in tomato. Furthermore, night-time F H2O never reached zero but minimised at around 10 g h -1 , which is in agreement with previously reported results for tomato (Vermeulen et al. 2007) . Figure 4 shows the ability of DD to characterise the water status of the plant. The above-mentioned influences of stem age and competition could be ignored here since consecutive days were selected. Depending on the magnitude of F H2O in the stem and hence, the transpiration rate, D either showed a large MDS combined with a restricted SGR, or a small or no MDS but a high SGR. This is typically observed when working with tomato, while trees generally show a clear MDS across the entire range from low up to high F H2O values (Zweifel et al. 2007; Steppe et al. 2008b) . Similar to trees, internally-stored water in tomatoes is withdrawn daily from the stem storage tissues to contribute to the transpiration stream. However, the contribution of the internally-stored water to the transpiration stream depends on the total amount of water daily transpired and influences as such the concurrent radial stem growth.
Linking D and F H2O via a mechanistic model
To elucidate the observed DD of tomato, we carried out a model analysis linking D to F H2O . For the water flow and storage model, F H2O was used as the only input variable (Fig. 5a ). Increasing F H2O corresponded with increasing evaporative demanding conditions (Fig. 2a; .
The reliability of the model simulations can be evaluated on several grounds. Beside the high coefficient of determination (R 2 = 0.99) resulting from the linear regression between simulated and measured values for D (Fig. 5b) , simulated Y p was in the range of values reported in literature (Nobel 1999; Pritchard 2007) . As f is known to decrease as the stem segment ages (Proseus et al. 1999) , f was chosen to be related to time for this short period according to Léchaudel et al. (2007) and ranged from 9.98 10 -4 to 2.83 10 -4 MPa -1 h -1 . The estimated parameters (Table 2) show realistic values where comparison with literature was possible (Hunt et al. 1991; Steppe et al. 2006; Pritchard 2007 ).
In the model, the pattern of D resulted from the water depletion and replenishment of the storage tissue of the tomato stem, while xylem tissue was considered to be rigid and less subjected to elastic deformation. The storage-to-xylem water flow, resulting from the evaporative demand, increased the cell sap solute concentration and thus reduces Y p (Fig. 5c) . Simultaneously, the depletion of internally stored water resulted in a reduced Y p (Fig. 5d) .
DD typically result from two main components: the reversible (elastic) shrinking/swelling in relation to changes in hydration levels and the irreversible (plastic) radial stem growth (Ortega 1985; Steppe et al. 2006) :
with e 0 a proportionality constant (m -1 ). On a cloudy day with low transpiration rates (first day in Fig. 5) , only a small amount of internally-stored water was withdrawn from the internal water reserves (small MDS), keeping the stem storage cells near full turgor (high Y p ) during the day. In this case, radial stem growth continued during the entire day because a high difference between Y p and G was maintained. However, on a sunny day with high transpiration rates (last day in Fig. 5 ), more water was withdrawn from the internal reserves (larger MDS) causing a substantial loss in Y p . This loss in Y p during the day restricted radial stem growth, making the elastic stem shrinkage more visible. This mechanism also accounted for the different patterns on the consecutive days (Fig. 4) .
Comparing trees with herbaceous plants, a large difference in G is noticed: 0.9 MPa for trees (Génard et al. 2001; Steppe et al. 2006 ) and 0.3 MPa for herbaceous plants (Cosgrove 1986 ). Although simulated Y p is lower for tomato plants compared with trees (0.9-1.55 MPa; Hammel 1968; Steppe et al. 2006) , the difference between Y p and G is larger for tomato stems. This large difference might cause the stem to maintain growth while transpiring and account for the absence of D shrinkage during cloudy days in tomato.
As the stem ages, f is believed to decrease, resulting in lower growth rate potential (Cosgrove 1993; Proseus et al. 1999; Steppe et al. 2008a; 2008b) . Therefore, the contribution of plastic and elastic growth components might change throughout a growing season. As a result, an equal stem shrinkage, occurring within a young or an old stem might indicate a different water status, which is a feature that needs to be addressed in future research.
Simultaneous effect of irrigation events on F H2O and D
In Fig. 3 , an increase in F H2O was generally accompanied by a decrease in D due to enhanced transpiration. However, on several days, irrigation events induced simultaneous increases in both F H2O and D (Fig. 6) . During the nights preceding these days, the substrate water potential was probably too negative to allow complete replenishment of the storage tissues. High F H2O during the previous days might have reduced the water content in the rockwool slabs. As a result, substrate water potential was more negative and the water potential gradient between the substrate and the stem storage tissue insufficient to fully recover the night-time Y p . Water availability at the irrigation event resulted in an increase in water potential gradient between the substrate and stem storage tissues by which the storage tissues replenished. This flow resistance concept is well known for trees (Steppe et al. 2006) , has been suggested for tomato by Li et al. (2004) and was confirmed by our measurements.
The height of the peaks in D decreased during the day since the effect of the irrigation events on the substrate water availability decreased as the substrate gradually reaches the saturation level. Applying an amount of water on a dry substrate will have a larger effect on the water availability compared the same amount on a wet substrate. This way, the occurrence and the height of these peaks in D at irrigation timings might be used as an indicator for drought stress.
In future research, it would be instructive to study the relationship between the occurrence of these peaks and fruit and cuticle cracking. Fast water influx recorded in stem tissues might simultaneously occur in fruits. This would cause a sudden increase in fruit turgor, which is associated with the occurrence of fruit and cuticle cracking (Peet and Willits 1995; Guichard et al. 2001; Dorais et al. 2004) . The incidence of such a peak might give early information on the possibility of fruit cracking, but needs further research.
Conclusions
A semi-seasonal analysis of DD distinguished different influences on DD, such as plant age, fruit load and water status. Furthermore, diurnal data revealed some very close relationships between F H2O and DD. By applying data to the modified flow and storage model of Steppe et al. (2006) for tomato, diurnal relationships were elucidated using a distinction between plastic and elastic DD. Tomato stems, in contrast to trees, could maintain growth while transpiring because a large difference between Y p and G was maintained. Finally, the simultaneous response of D and F H2O to irrigation events showed that it was possible to detect water shortages although this concept still needs investigation.
